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2.7 Tidal Disruption

Consider the tidal disruption of a star that
approaches rg;er} < r—i; from a black hole

at the centre of a cluster

What sets the rate of such TDEs?

(hdad drugnsn =yvenke)

What are the details of the disruption process?



2.7.1 Tidal Disruption Event (TDE) Rate

Remember, for tidal disruption:

|
Oy, < [k = GMHAS

Astarat R with velocity '\ will be disrupted if

B < B

\_ orbital trajectory

where @L:- defines the “loss cone” at K for tidal disruption —> m du;m&d w nexg Q;UICE/\iTE/

Angular momentum conservation: Q\/ S\l\] %Lc, = \m
l.\osgcm\e,'\g Seroldey W\O\V%Q_ﬁ@ COQ S“\\%KK\/Q\j



Encounters with other stars in the cluster lead to 2-body relaxation

2 L
Remember, this leads to a random walk in velocity on a timescale of ‘Qb, = N / ( G7 1w V\>

Thus stars are scattered into, or out of, the loss cone on a timescale of ’_@r

At which point they are lost by disruption on a timescale of ’G\nxg

There is a critical radius, Rcrﬁ: at the location where Fc_nygs =2 /—C.’Z,]o(-.
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2.7.2 Details of Tidal Disruption Process o) @% of rcentre

Consider an initially parabolic

encounter of a star with a black hole




What happens to the half of the material that remains bound?

This returns to the disruption point after one orbital period, but material from different parts of the star suffer different

levels of energy loss AE« and so different periods Eu‘ls , returning at different times

Energy dissipation from crossing streams results in energy dissipation and the formation of an accretion disk

What is the rate at which material is incorporated into this disk?

Consider a portion of the star that suffers energy loss AE
This sets the new semi-major axis: /N = ’\—): C\MJA,\ /OL,

And so orbital period: 'tm—l, o QA oL ANE



Define N (ﬁ:;} dAE the fraction of the star’s mass that loses energy in the range B‘E ) ,/SE —}-ok&
And assume that N &[SE,) = CN\SJV )
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Since this material has a mass ol &E
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This means that mass returns to the black hole at a rate e AE) ol ‘b
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2.8 Tidal Interactions with Disks

2.8.1 Effect on Disk

E.g., “Smoothed Particle Hydrodynamics” (SPH) simulation of a star-disk encounter
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2.8.2 Effect on Object Encountering Disk

Consider a star undergoing a parabolic encounter with a star that hosts a protoplanetary disk

3
Angular velocity in the disk: .SL o< v
9, Qs .. ,Q_‘ > ,—9_.2_
@ For a strong interaction, the pericentre lies within the disk
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Overall, simulations show that the amount of energy that is transferred from the perturber is approximately

that required to unbind the part of the disk outside the pericentre

TOAE = GMAw g
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: | =
The perturber can become bound if AE > /2: MV%
Since many stars form in high density clusters surrounded by protoplanetary disks

> s vedranim Gn o by S g@ent froen b2l unkond
g\v\é\aé{—g@



2.8.3 Creating Binaries in Clusters

MO&"GCL;OH&./\ M ¥b
How many binaries are created in a cluster in this way? 8@@@16,\0» MQ

First, determine the collision rate, remembering this is rl: N 6"‘\/
PR
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The rate at which a star with a disk undergoes binary-forming encounters is r' = N Z’YP Mo C\M / \/pé



2.8.4 Examples

2.8.4.1 Example 1: Orion Nebula Cluster

Remember



Compare with N-body simulations of the cluster:

FJOSL tracks distances of close approaches

QF‘Zj tracks where these occur in the cluster

So, there are ~100 close approaches within 100au

that mostly occur in the centre of the cluster
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2.8.4.2 Example 2: Taurus-Auriga Star Forming Region

The CO map of the protoplanetary disk around the star RW Aur seems to show evidence for a “tidal tail”
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Yet, this cluster is less dense than Orion
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2.8.4.3 Example 3: Galaxy - Galaxy Interactions

The Physics discussed is scale-free and so also applies to galaxy interactions (albeit requiring a dark matter potential)

Observation SPH Simulations of Interaction
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Do all galaxy spirals form in tidal interactions?

_Eo.s S A B B B, Test by determining the amplitude of the spiral (y-axis), as
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2.9 Evolutionary Effects in Clusters

Cluster evolution is driven by internal energy transfer between stellar orbits via 2-body relaxation (a.k.a. dynamical drag)

This leads to mass segregation and gravothermal catastrophe

2.9.1 Mass Segregation

In the frame of a star of mass M . @

¥—€\

In the frame of the cluster: o\%{gﬂyw\ \,ngg\g b QnQr@ Yraafer—

How are different mass stars affected?



2
The rate at which a star of mass M encounters mass: "wm.o, v X 0 K bm’r

The relevant impact parameter for energy transfer is set by that causing a large deflection:
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Thus the force acting on the star: ol

So the timescale for momentum transfer: 1% ‘\’\%Qs\kukm / beaﬁ
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2.9.2 Gravothermal Catastrophe

The gravothermal catastrophe arises as self-gravitating systems have negative heat capacities

Kareke ey QP
Start with the virial theorem (from AFD): ZT\Q-,\ —+ \1\) =
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From Statistical Physics, we know that energy flows from hot to cold

Conventionally (&E/Q/l’ >-O>
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The Gravothermal Catastrophe:

In a star cluster, a sub-system that has lost energy tends to collapse

In the process of that collapse it acquires more kinetic energy

> e Ccodral =ges f dudles esome e Vs ard denger
and \'N\@\\c&_e, 54

The process is similar to why satellites speed up when they encounter atmospheric friction
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Timescale for the gravothermal catastrophe:

Eﬂ%ﬁm\)@b\f\a}\o os SR de:O\/dmcutth‘S

Timescale for energy transfer is set by 2-body relaxation
For equal mass stars:
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2.9.3 Averting the Gravothermal Catastrophe with Binaries

Consider a 0.1pc, N=100 cluster of \\M@ stars containing a 1au separation binary

Compare the gravitational potential energy in the cluster with that in the binary
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Remember: Eom N Eowier

Thus binary can act as a heat source
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Remember: the arrow of time means that energy is transferred from faster- to slower-moving objects
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2.9.4 Origin of Binaries

+  Primordial (G@ﬂv\eg’\ «G@ﬂ\ M CD\I\G,E&,}
+ Tidally captured (F‘O\(Q, \o\/dr @KQQL’)

+  Three-body capture
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2.9.5 Cluster Evolution Summary

o
Core collapses until the density in the core is =

=
high enough to form binaries g

=

L
The cluster is then re-inflated by energy that is .:E,

[ =

o
transferred from binaries g

-3

10" 10" 10* 10* 10°

Remember: t)_),r X QE’{?" time / n-body units
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2.9.6 Cluster Evolution in Galactic Environment

The cluster expands until it fills its Roche Lobe due to Galactic tides
( Metuga, >‘13
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Tidal tails demonstrate that clusters are not embedded in a dark matter halo (\,Q\/\\d,\ p‘q}/ﬂﬁk \’6@,& O\\%\pﬁ@/\,}

Dissolved clusters populate the Galactic halo, but abundance differences show these are not dominant



2.10 Origin of the Moon

2.10.1 Basic Parameters

Relevant distance scales in the system:
Moon orbits Earth at 384,000 km
(evoos, TS toedipht)
Earth orbits Sun at 150,000,000 km

Thus the Earth’s Hill radius (beyond which
circumplanetary orbits become unbound)
Ma \z
QH = o‘g; (3M®
= |,500, opo km
D Meon 15 A '\:\/\I_A l

MERCURY

JUPITER

SATURN

384,000 km

URANUS




The Roche radius, inside which tidal forces would

disrupt orbiting satellites:

Ry = O\%(%\T@jb = &
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2.10.2 What’s Unusual About the Moon?

Jupiter to scale

2.10.2.1 Mass
Not in absolute terms

However, relative to its planet

M\//M@ - \/€D

Other moons are < 1/4@
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2.10.2.2 Angular Momentum

Orbit: T~ M JaMga = 2907 kg " (s
Spin of Earth: j;gc =21 Q M@Q@ (Qﬁb = 7<\D3 \QS "’\L/S

Spin of Moon: Qﬂrﬁ’o[, ~k Trﬁ’oe, /C%b x 3~7—1‘x Z‘S) = ngfa /BO/D?D éﬂ%\@\uz_
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2.10.2.3 Past Tidal Evolution

Remember: AE = | Lo— 1A

Thus, tidal evolution explains current low Trﬂ_—L, = Mbsn \/‘ax )0925\ &\5\% dﬂsp\m

It also explains why J is currently being passed from j;be; = \j owh
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Tidal Catastrophe

If the recession rate was constant over 4.5Gyr... — Meon Socted\ ok Z\LbcijD [N

But, EW—S‘-C\MZ/Q;/Qﬁ Mo\z:é

so expect tides to have been stronger when the Moon was closer —= (ereofSen NS C@(\Sb:i?\j(‘
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2.10.2.4 Age

A
Basalt sources ,.".. Model ages
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2.10.2.5 Composition

Lack of iron - 3.3 g/cmA3 implies 0.25x cosmic abundance of Fe

Lack of volatiles - no water except from comets?
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2.10.3 Formation Scenarios

2.10.3.1 Formation Scenario 1: Co-Accretion

Moon formed out of a circum-terrestrial disk




2.10.3.2 Formation Scenario 2: Fission

Rapidly spinning Earth undergoes fission

But... V'\SCD'S\%D cﬂmvxi;\s '\'T'(%;'l@ m



2.10.3.3 Formation Scenario 3: Capture

Moon formed elsewhere, becoming bound via tides or a 3-body interaction

But...
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2.10.3.4 Precedents in the Solar System

Jupiter’s regular moons Jupiter’s irregular

formed in a circum-Jovian satellites are captured

disk asteroids and comets

If mass ratio < 0,2 [

Binary asteroids like formed

. H YORP Dynamic
by fission Spin-up Process
(~ 10s Myears) (< 1year)

Escaping Secondary,
Rubble Pile Asteroid Fissioned Proto-Binary System becomes
Asteroid Pair



2.10.3.5 Formation Scenario 4: Giant Impact

A circum-terrestrial disk was created in a collision with

a Mars-sized impactors (Theia) at ~50 Myr

(ce eqediad w plonet fomatten edefs)

SPH simulations show the plausibility of achieving a

disk with the correct angular momentum

If the Earth was differentiated this explains the Moon’s

low iron content




Evolution of a circum-terrestrial disk:
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+ Disk contracts via collisional damping
+ Particle clumps grow inside the Roche radius, but shear out to form spiral structure

+ Gravitational torques push particles beyond the Roche radius where moonlets form

+ Moonlets coalesce, and a single moon sweeps up all particles that are pushed beyond the Roche radius

+  When the Moon is large enough, it pushes the inner disk onto the Earth

N



2.10.4 Ongoing Work

Plausibility of the collision? Estimate ~1% probability of a Theia-like collision
- Okpp@} t> W\‘\j"\“bpw, Pﬂ/\@p\.e,’)
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Why is the composition of the Moon so similar to the Earth if part of the impactor goes into the Moon?
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